Introduction
Duplex stainless steels, containing nearly equal proportions of ferrite and austenite, possess a good combination of high toughness and strength, excellent resistance to stress corrosion cracking and pitting, and good weldability. The ferrite/austenite balance of duplex stainless steels, however, is usually altered by welding thermal cycles, when they are applied to welded structures. Efforts have been made to control the microstructures in welds of duplex stainless steels. [1] [2] [3] [4] [5] A reasonable ferrite/austenite balance can be achieved in welds by adjusting the alloy compositions of welding wire or rod and welding parameters, such as weld heat input and inter-pass temperature.
Besides the ferrite/austenite balance, intermetallic compounds, carbides and nitrides, which are precipitated when the duplex stainless steels are subjected to heat treatment or welding process, also influence (usually impair) the mechanical properties and corrosion resistance. Many investigations have been conducted on the precipitation of intermetallic compounds and carbides. [5] [6] [7] [8] A few studies have also been done with attention to nitrides. 1, 2, 5) It has been found that nitrides likely precipitate in the case of high ferrite.
2) Because the proportion of ferrite is comparatively high in weld heat affected zone (HAZ) especially at low heat input, nitride precipitation has been frequently observed in weld HAZs of duplex stainless steels. Heat treatment at temperatures below 600°C also results in nitride precipitation in the duplex stainless steel of high ferrite content. 9) In almost all the investigations on duplex stainless steels as well as austenitic stainless steels of high nitrogen content, [10] [11] [12] only hexagonal type nitride Cr 2 N was observed. However, Hertzman reported that cubic CrN might exist in welds of duplex stainless steels. 13) Since this may be the only reported observation of CrN in duplex stainless steels, 14) the information on precipitation behavior of CrN is less. The aim of the present investigation is to understand the precipitation behavior of nitrides, especially the cubic CrN in weld HAZs of a commercial duplex stainless steel.
Experimental Details
The duplex stainless steel used in the present investigation is a commercial stainless steel with a plate thickness of 12.5 mm, and contains approximately equal proportions of ferrite and austenite. The chemical compositions of the duplex stainless steel are listed in Table 1 . An example of bead-on-plate weld HAZ microstructure of the duplex stainless steel is given in Fig. 1 . Considerably dense precipitates which has been characterized as nitrides can be observed in the weld HAZ.
Since the actual weld HAZ is a narrow region of 2-5 grain sizes, a Gleeble 1 500 thermal simulator was employed to produce homogeneous weld HAZ of several millimeters in width for the convenience of the examination of In order to obtain more information on the precipitation of nitrides, especially cubic type nitride CrN in weld heat affected zones of duplex stainless steels, the microstructures of thermally simulated weld heat affected zones (HAZs) of a commercial duplex stainless steel were characterized. The precipitates in the simulated weld HAZs were carefully examined with a transmission electron microscope. Not only Cr 2 N but also CrN was found in the weld HAZs. The CrN appeared as film-like or tiny platelet-like, and precipitated at the regions adjacent to rod-like Cr 2 KEY WORDS: cubic chromium nitride CrN; hexagonal chromium nitride Cr 2 N; duplex stainless steel; weld heat affected zone; transmission electron microscopy. precipitates. Specimens (approximately 10 mmϫ10 mmϫ 55 mm) for weld HAZ simulation were prepared from the duplex stainless steel plate. The thermal cycles for simulating the weld HAZs are schematically shown in Fig. 2 . The specimens were heated to a peak temperature of 1 623 K at heating rate of 111 K/s, and held at the peak temperature for 6 s, then cooled at various cooling rates to simulate the weld HAZs of various weld heat inputs. The cooling rate from 1 473 to 1 073 K (1 200-800°C) was utilized to represent the cooling rate of welding thermal cycle, because the weld HAZ microstructure and the resultant properties of duplex stainless steels were strongly influenced by the cooling rate at this temperature range. The microstructures and precipitates in the simulated weld HAZs were examined using an optical microscope, scanning electron microscope (SEM) and transmission electron microscope (TEM). The specimens for optical and SEM observation were mechanically polished and etched with a 10 % oxalic acid solution at 6 volts for 15-20 seconds. Both carbon replica and thin foil techniques of transmission electron microscopy were used for the identification of precipitates. The carbon replicas were prepared by etching the polished samples with an etchant of aqua regia (10 ml nitric acidϩ30 ml hydrochloric acidϩ20 ml distilled water), and detaching the vaporized carbon film in a 5 %Br ethanol solution. The thin foils were finally thinned with a twin-jet polisher in a mixture of 10 % perchloric acid and 90 % methyl alcohol at about 253 K and 15 v.
Results

Microstructures of Weld HAZs
The optical microstructures of the simulated weld HAZs at various cooling rates are shown in Fig. 3 . When the cooling rate was 80 K/s or higher, austenitic microstructure formed almost at d grain boundaries. When the cooling rate was 40 K/s or lower, austenitic microstructures were observed both at d grain boundaries and in the interior of grains. The proportion of austenite tends to increase with decreasing the cooling rate. Precipitates of high density existed in the interior of grains at cooling rates of 150-20 K/s, however, the density of the precipitates was much lower at cooling rates of 40-20 K/s than 150-80 K/s, and there were few precipitates near the austenitic structures. At a cooling rate of 150 K/s, not only austenitic structures but also precipitates were observed at d grain boundaries. An example of precipitates at the d grain boundaries is given in Fig. 4 . Electron diffraction analysis showed that the precipitates at the grain boundary were nitrides.
At cooling rates of 150-80 K/s, "sub-grain boundary" could also be observed (Fig. 3) . A scanning electron microscopy of the "sub-grain boundary" is shown in Fig. 5 . The "sub-grain boundary" consisted also of nitride precipitates.
The effects of the cooling rate on austenite content, mean d ferrite grain size and hardness of weld HAZs are summarized in Fig. 6 . Many studies concluded that the proportion of austenite increased with the decrease in cooling rate. This was also confirmed in the present investigation. The grain size increased from about 200 to 250 mm, when the cooling rate was decreased from 150 to 20 K/s. The large grain size is believed to be the result of the residence at peak temperature (1 623 K) for 6 s during the weld HAZ simulation. The mean hardness of the weld HAZs decreased with the cooling rate from 150 to 20 K/s. The hardness reduction is probably due to the higher proportion of austenite at lower cooling rates.
Nitride Precipitates
Precipitates in weld HAZs were carefully examined using a transmission electron microscope with both carbon replica and thin foil techniques. The chemical compositions of precipitates were analyzed with an energy dispersive Xray (EDX) analyzer attached to the TEM. Neither carbides nor intermetallic compounds were detected at cooling rates of 150-20 K/s. All the precipitates observed in the weld HAZs were nitrides. Figure 7 shows transmission electron microscopy of the nitride precipitates at cooling rates of 150 and 40 K/s. Rodlike precipitates and film-like precipitates could be observed. At the cooling rate of 150 K/s (Fig. 7(a) and 7(b) ), the film-like precipitates were overlapped with rod-like precipitates or adjacent to the rod-like precipitates of high density. At the cooling rate of 40 K/s (Fig. 7(c) and 7(d) ), the film-like precipitates were adjacent to the rod-like precipitates of high density. The size of rod-like precipitates was larger at 40 K/s than 150 K/s, and there seems to be more film-like precipitates at 150 K/s than 40 K/s. Detailed observation on the film-like precipitates showed that tiny platelet-like aggregation existed in the interior of some film-like precipitates (Fig. 8) . The rod-like precipitates observed in carbon replicas displayed as rod-like or tetragonal shape in the photographs of thin foils, as can be seen from Fig. 9 . The electron diffraction and EDX analysis results of nitride precipitates are given in Fig. 10 . Both the film-like precipitates with and without tiny platelet-like aggregation inside were identified as CrN (Figs. 10(a) and 10(b) ). The rod-like precipitates were Cr 2 N (Fig. 10(c) ). However, it should be pointed out that the electron diffraction pattern in Fig. 10(a) might be the diffraction result of the film-like precipitate, and the electron diffraction pattern of the platelet-like precipitates in the interior of the film-like precipitates did not appear. The chemical composition analysis revealed that not only Cr but also Fe, V and Mo were contained in the above two kinds of nitrides, and the content of chromium in Cr 2 N seems to be somewhat higher than in CrN.
To get the information of tiny platelet-like aggregation, efforts were made to find a separated platelet-like precipitate and to obtain its electron diffraction pattern. Figure 11 gives the electron diffraction result of a separated plateletlike precipitate. The tiny platelet-like precipitate was identified as CrN. In addition, the orientation relation between CrN and matrix (d ferrite) could be recognized as The morphology of film-like CrN precipitates in thin foils is given in Fig. 12 . It can be seen from Figs. 12 and 10 that the zone axis of electron diffraction pattern of the filmlike CrN precipitates is always ͗100͘. 
Discussion
As mentioned above, all the precipitates examined by the TEM were nitrides in the present investigation. Neither carbides nor intermetallic compounds were detected. No or little carbide precipitation is probably due to low carbon content (0.014 wt%) and comparatively high nitrogen content (0.14 %) in the duplex stainless steel, because high nitrogen content tends to shift carbide precipitation to longer times. 15) Since the cooling time from 1 173 to 873 K was (Ͻ30 s) too short even at 20 K/s in the present study, the precipitation of intermetallic compounds was not observed. This phenomenon is consistent with the observation results on weld HAZs microstructures of other investigators. 1, 5) It should be pointed out that the carbides and/or intermetallic compounds may be observed if the cooling rate is decreased further.
For the nitride precipitation in the weld HAZs, it can be believed that both low austenite proportion and comparatively high nitrogen content in the duplex stainless steel are responsible. Nitrogen solubility in austenite is high, so that austenite formation will depress the nitride precipitation. However, the austenite proportion in the weld HAZs is low even at 20 K/s in the present investigation, and nitrogen solubility in ferrite is below 0.01 wt% at temperatures lower than 1 173 K. 15) The excessive nitrogen content over the solubility limit in d ferrite induced the precipitation of chromium nitrides in d ferrite at lower temperatures during cooling.
In most investigations on duplex stainless steels and their weld HAZs, only hexagonal type nitride Cr 2 N was observed. In the present investigation, however, not only Cr 2 N but also CrN precipitates were found in the weld HAZs, and CrN precipitates were always adjacent to Cr 2 N precipitates. This phenomenon may probably be explained using previous thermodynamic analysis results of Fe-Cr-Ni-Mo- N system, and considering the difference in diffusibilities of chromium and nitrogen atoms in d ferrite, as discussed below. It can be believed that the type of nitride precipitated in duplex stainless steels depends on the Gibbs free energy change induced by the precipitation, which is closely related to the chromium concentration and nitrogen concentration at the locations where the precipitation occurs. In the ternary Fe-Cr-N system of 0.1 wt% nitrogen, [15] [16] [17] although the concentration of chromium more than ca 7.0 wt% leads to only Cr 2 N precipitation, CrN precipitation can occur when the chromium concentration is lower than ca 7.0 wt%. In the case of higher nitrogen content, the CrN precipitation can happen at higher chromium concentrations. In the Fe-Cr-Ni-N system or Fe-Cr-Ni-Mo-N system, 18, 19) the addition of nickel seems to expand the range for the CrN precipitation. The thermodynamic analysis of Fe-Cr-NiMo-N system shows that Cr 2 N precipitation is preferred in duplex stainless steels of standard chemical compositions, including the one in the present investigation, at equilibrium conditions. However, welding process is a non-equilibrium process, and there are a large amount of Cr 2 N precipitates in weld HAZs. At the locations adjacent to Cr 2 N precipitates of high density, the chromium concentration might become very low, while the nitrogen concentration could be quite high, because long-distance diffusion is possible for nitrogen atoms and impossible for chromium atoms as described below. In such regions, the condition for CrN precipitation might be satisfied, and thus the CrN nitrides precipitated. This might also be the reason why the CrN precipitates were always adjacent to Cr 2 N precipitates of high density.
In order to understand the diffusibilities of chromium and nitrogen atoms in d ferrite, the diffusion distances (c) of chromium and nitrogen atoms in d phase during a continuous cooling were calculated with Eq. (1). In which, T 0 (K) is the initial temperature, and n (K/s) is the cooling rate.
The diffusion distance of chromium and nitrogen atoms when cooling from 1 273 to 873 K was calculated and given in Table 2 . The diffusion distance of chromium atoms is about 0.314 mm even at the cooling rate of 20 K/s, while the nitrogen atoms can diffuse to the locations of several millimeters away. This implies that the recovery of the chromium depletion at the region adjacent to Cr 2 N precipitates is difficult, whereas the supply of nitrogen atoms for CrN precipitation is possible.
Conclusions
The microstructures and nitride precipitates in the simulated weld HAZs of a duplex stainless steel were carefully examined. The precipitation of cubic nitride CrN was discussed. The following conclusions can be obtained.
(1) The microstructures of the simulated weld HAZs consist of ferrite, austenite and nitrides. Austenite formed at grain boundary regions when the cooling rate is м80 K/s, and both at grain boundary regions and in the interior of grains when the cooling rate is Ϲ40 K/s in the present investigation. Nitrides of high density precipitated in the interior of grains and away from the austenitic structures.
(2) Not only hexagonal nitride Cr 2 N but also cubic nitride CrN were found in the weld HAZs. CrN nitrides precipitated at the adjacency to Cr 2 N precipitates, and displayed as film-like or tiny platelet-like shapes. Cr 2 N precipitates appeared as rod-like shape or tetragonal shape, and the size of Cr 2 N precipitates tends to increase with the decrease in the cooling rate. (4) The precipitation of CrN nitrides might probably be explained using the previous thermodynamic analysis results of Fe-Cr-Ni-Mo-N system and considering the difference in the diffusibilities of chromium and nitrogen atoms in d ferrite during cooling.
